Abstract. In this study the seismic risk assessments of six-and twelve-story staggered wall system structures with three different structural variations were performed. The performances of staggered wall structures with added columns along the central corridor and the structures with their first story walls replaced by beams and columns were compared with those of the regular staggered wall structures. To this end incremental dynamic analyses were carried out using twenty two pairs of earthquake records to obtain the failure probabilities for various intensity of seismic load. The seismic risk for each damage state was computed based on the fragility analysis results and the probability of occurrence of earthquake ground motions. According to the analysis results, it was observed that the structures with added columns along the central corridor showed lowest probability of failure and seismic risk. The structures with their first story walls replaced by beams and columns showed lowest margin for safety.
Introduction
Staggered wall structures are structural systems for reinforced concrete residential buildings in which story-high walls extend across the entire width of the buildings. By staggering the locations of the walls on alternate floors, large clear areas are created on each floor. Floor slabs span only half the wall spacing, and the staggered walls can be pierced for openings or corridors. Similar system, the staggered truss system, has been applied in steel structures since 1970's. The staggered wall system was first proposed by Fintel (1968) , who conducted experiments of half scale staggered wall structure subjected to gravity load. Mee et al. (1975) carried out shaking table tests of 1/15 scaled models for the staggered wall systems. Kim and Jun (2011) evaluated the seismic performance of partially staggered wall apartment buildings using non-linear static and dynamic analysis, and compared the results with those of conventional shear wall system apartment buildings. They found that the structure with partially staggered walls satisfied the collapse prevention performance objective required by the FEMA-356 and thus was considered to have enough capacity for design level seismic load. Recently Lee and Kim (2013) investigated the seismic performance of six and 12-storey staggered wall structures with a middle corridor based on the FEMA P695 procedure, and found that the analysis model structures have enough safety margin for collapse against design level earthquakes.
The seismic risk assessment and loss estimation is an essential step to seismic condition assessment and hazard reduction of various structures. Shinozuka et al.(2000) showed that analytical fragility curves are in reasonably good agreement with empirical curves obtained from observation of damaged structures. Ellingwood (2001) surveyed structural reliability methods for improving earthquake-resistant structural design and condition assessment practices. Cornell et al. (2002) presented a probabilistic framework for seismic design and assessment of structures and its application to steel moment-resisting frame buildings, which is the probabilistic basis for the 2000 SAC Federal Emergency Management Agency steel moment frame guidelines. Erberik and Elnashai (2004) derived fragility curves of medium-rise flat-slab buildings with masonry infill walls and compared the results with those derived for moment-resisting RC frames. Ellingwood and Wen (2005) proposed a risk-benefit-based analysis and seismic design procedure and applied it to buildings subjected to earthquake effects in Mid-America. Celik and Ellingwood (2009) presented a probability-based procedure for seismic vulnerability and risk assessment of RC frames designed only gravity load. Taflanidis and Jia (2011) developed a simulation-based framework for risk assessment and probabilistic sensitivity analysis of base isolated structures. Sorensen (2011) presented a theoretical framework for the design and analysis of robustness of timber structures. Ramirez et al. (2012) developed fragility functions for estimation of damage in pre-1994 welded flange bolted-web beam-to-column moment connections. Tafakori et al. (2013) proposed a risk-based optimal retrofit method of a tall steel building with friction dampers. Korkmaz et al. (2013) carried out probabilistic seismic risk assessment of hall structures composed of steel space frames in the upper side and RC moment frames in the lower side.
The literature survey showed that the seismic risk assessment has been effectively used to evaluate seismic performance of special or newly developed structure systems. It is also applied to identify optimum retrofit method for existing structures. In this study the seismic risk assessments of six-and twelve-story RC staggered wall system structures with middle corridors were performed. The seismic performances of staggered wall structures with added columns along the central corridor and the structures with their first story walls replaced with beams and columns were also compared with those of the regular staggered wall structures. Incremental dynamic analyses were carried out using twenty two pairs of earthquake records to obtain the failure probabilities and seismic risk for various intensities of seismic load. The spectral accelerations of earthquakes with various return periods and their probability density functions were obtained from the seismic hazard map of Korean Peninsula. The seismic risks of model structures were obtained from the seismic fragility and the hazard function of the model structures. Based on the incremental dynamic analysis results obtained using twenty two pairs of earthquakes the seismic fragility and risk of the model structures were assessed, and the robustness of the original and the modified staggered wall structures with enhanced redundancy were compared to confirm the effectiveness of the added interior columns.
Seismic risk assessment procedure
Seismic risk assessment is to quantify the potential damages and losses due to earthquakes and their probabilities of occurrence in a given period. It consists of analyzing seismic hazard, which describes earthquake phenomena that have potential to cause damage, and assessing structural vulnerability, which is the sensitivity of the structure to the expected seismic hazard. Structural vulnerability is the probability of damage to a structure given the level of earthquakes, which is generally represented by fragility curves. The results of risk assessment provide probabilities for damage of buildings, which depends on their configurations and structural conditions. Fragility curves, which are generally modeled as lognormal cumulative density functions, show the probability of a system reaching a limit state as a function of some measure of seismic intensity. In this study pseudo spectral acceleration was used as the seismic intensity measure, and the state of dynamic instability was considered as the limit state for failure. The seismic fragility is described by the conditional probability that the structural capacity, C, fails to resist the structural demand, D, given the seismic intensity hazard, SI, and is modeled by a lognormal cumulative distribution function as follows (Celik and Ellingwood 2009) 
where     =standard normal probability integral, C  =median structural capacity, associated with the limit state, D  = median structural demand, SI D  = uncertainty in D, β C = uncertainty in C, and β M = modeling uncertainty. FEMA P695 (2009) provides β TOT , the total system collapse uncertainty, for the uncertainty in the normal probability integral function  in Eq. (1) based on the record-to-record uncertainty, design requirements related uncertainty, test data-related uncertainty, and the modeling uncertainty.
Seismic hazard quantifies the ground motions generated due to an earthquake. The likelihood of various levels of future intense ground motions at the site are represented in the standard way by the hazard function H(S a ) as follows (Cornell et al. 2002) 
where S a is the spectral acceleration, k 0 and k are coefficients determined by site characteristics. The equation implies that the hazard curve is linear on a log-log plot in the region of interest. In the previous research it was shown that typical values of the log-log slope k are 1 to 4 (Yun and Foutch 2000) . In this study the coefficients are obtained using the design spectra of earthquakes with various return periods in Seoul area and their probabilities of occurrence. The probability of damage, i.e. the seismic risk of the structure, is obtained from the seismic fragility analysis and the hazard function as follows (Cornel et al. 2002) 
where C a Sˆ and a lnS 2 σ are the median and variance of the spectral acceleration corresponding to the drift capacity for each damage state, respectively. They are obtained from the data set of spectral accelerations computed by nonlinear incremental time history analysis of model structures using the twenty two pairs of earthquake records. is the variance of the acceleration responses corresponding to the specific damage state when they are fitted into the log-normal distribution. They are determined in the process of fragility analysis.
Seismic performance evaluation of model structures

Design and analysis modeling of example structures
The analysis model structures are six-and twelve-story staggered wall structures along the transverse (short) direction and are moment resisting structures along the longitudinal (long) direction. Along the transverse direction the structure was varied into three different types depending on the existence of interior columns. Fig. 2 and Fig. 3 illustrate the first story structural plans and the elevation views of the three-types of model structures, respectively. Type 1 structure represent the basic form of a staggered wall structure with columns along the perimeter of the longitudinal direction and staggered walls located between two perimeter columns along the short directions. In the Type 2 structure the staggered walls in the first story were replaced by beams and interior columns along the corridor to accommodate wider open space in the ground floor. In the Type 3 structure interior columns were added to the Type 1 structure throughout the stories. In all model structures, 200 600 mm beams were located between two staggered walls along the transverse direction above the middle corridor. The thickness of the staggered walls is 200 mm throughout the stories in every model structure. The structures were designed with dead and live loads of 7.0 kN/m 2 and 2.5 kN/m 2 , respectively, and the design seismic load was determined using the response acceleration coefficients S DS and S D1 of 0.37 and 0.15, respectively, based on the ASCE/SEI 7-10 (2010). The model structures were assumed to be residential buildings with floor panel heating system and thicker slab to minimize vertical noise and vibration transmission, which result in relatively large dead load compared with ordinary (a) Type 1 (b) Type 2 (c) Type 3 Fig. 3 Elevation of 6-story analysis models office buildings. The response modification factor for seismic load was assumed to be 3.0 considering the fact that the system is not defined as one of the seismic load-resisting systems in design codes. The ultimate strengths of concrete and reinforcing steel are 27 MPa and 400 MPa, respectively. The design base shears of the model structures are shown in Table 1. Table 2 shows the fundamental natural periods of the model structures along the transverse direction calculated by eigen-value analysis. It can be observed that the natural periods of the Type 2 structures, in which the first story staggered walls were replaced by beams and columns, increased by 38% in the 6-story structure and by 8% in the 12-story structure compared with those of the Type 1 structures. The natural periods of the Type 3 structures with added interior columns throughout the stories decreased by 27% in the 6-story structure and by 19% in the 12-story structure compared with those of the Type 1 structures. The analytical model for the connecting beams located above the corridor and between two walls is composed of two elastic beam elements, two moment hinges, and a shear hinge in the middle as shown in Fig. 4 (a) 6 story (b) 12 story Fig. 9 Fundamental mode shapes of model structures used in the pushover analyses ultimate strain is defined as 0.004. The reinforcing steel is modeled with bi-linear lines, and the overstrength factors of 1.5 and 1.25 are used for concrete and reinforcing steel, respectively. As the shear wall element has no in-plane rotational stiffness at its nodes, a beam element was embeded in the wall as shown in Fig. 6 to specify a moment-resisting connection between a beam and a wall. Fig. 7(a) and 7(b) shows the stress-strain relationship of re-bars and reinforced concrete proposed by Paulay and Priestely (1992) , respectively. The behavior of re-bars was represented by bi-linear curve, and the yield stress and the residual stress of concrete were assumed to be 60% and 20% of the ultimate strength, respectively. Fig. 8 shows the nonlinear models for columns subjected to monotonic and cyclic loads based on the recommendation of ASCE/SEI 41-06.
Nonlinear static analysis of model structures
To evaluate overall strength and failure mode of model structures, nonlinear static pushover analyses of the model structures were carried out using the lateral load pattern proportional to the fundamental model shape of the model structures (Fig. 9) . The nonlinear analysis is conducted using the program code Perform 3D (2006), and Fig. 10 shows the pushover curves of the model structures. It can be observed that the Type 1 and Type 2 structures showed similar overall behaviors, which implies that the replacement of the first story staggered walls with beams and columns does not affect the stiffness and strength of the structure significantly. This implies that, by removing staggered walls in the first story, large open space can be created without sacrificing structural integrity. However the Type 3 structure with added interior columns along the corridor showed significantly higher stiffness and strength. Fig. 11 depicts the locations of plastic hinges in the 12-story model structures when their strengths reached the maximum values. It can be observed that in the Type 1 and Type 2 structures plastic hinges formed mainly at the lower story exterior columns and connection beams. It was noticed that the sudden strength drop in each model structure was initiated by the large plastic rotations at the exterior columns. On the other hand the plastic hinge distribution of the Type 3 structure is quite different. It can be observed that the plastic hinges are relatively evenly distributed throughout the stories and that severe plastic deformation occurred mainly in the connection beams rather than in the columns. A few plastic hinges can be observed in the lower story exterior columns; however the plastic rotations are only minute. Compared with the failure mode of Type 1 and Type 2 structures, in which plastic hinges were mostly concentrated in the lower few stories, the wider distribution of plastic hinges in the Type 3 structure contributes to significant increase in strength. 
Seismic fragility analysis of model structures
Nonlinear incremental dynamic analyses were conducted using the 22 pairs of the far field ground motions provided by the FEMA P695 (2009) to establish the median and the standard deviation of the collapse capacity of each analysis model. The ground motions are scaled to a specific ground motion intensity such that the median spectral acceleration of the record set matches the spectral acceleration at the fundamental period of the model structure. This scaling process corresponds to the ground motion scaling requirements of ASCE/SEI 7-10 (2010). Fig. 12 shows the response spectra of the scaled earthquake records used in the analysis and Fig. 13 depicts the incremental dynamic analysis results of the model structures. In this study the total system collapse uncertainty, β TOT , provided in the FEMA P695, was used for the uncertainty in the lognormal cumulative distribution function shown in Eq. (1). The design requirement related uncertainty and the test data-related uncertainty were assumed to be 'Good' and 'Fair', respectively, and the modeling uncertainty was assumed to be 'Good'. This results in the total system collapse uncertainty of 0.6, which was used throughout this study. The probability of reaching the limit states and the corresponding fragility curves were drawn for four different damage states defined in the HAZUS (1997), which are Slight, Moderate, Extensive, and Complete damages. The Slight damage is the state with minute cracks, and the Moderate damage is the state with formation of wide spread cracks with partial yielding. In the Extensive damage state part of the structure has reached ultimate states, and in the Complete Fig. 12 Response spectra of the 44 earthquake records used in the dynamic analysis (a) 6-story Type 1 (b) 6-story Type 2 (c) 6-story Type 3 (d) 12-story Type 1 (e) 12-story Type 2 (f) 12-story Type 3 Fig. 13 IDA curves of the 6-and 12-story model structures Fig. 14 Fragility curves of analysis models damage state the structure is near collapse. In this study the criteria for the Slight and the Moderate damage states were defined as the inter-story drifts corresponding to 70% and 100% of the yield point, respectively, when the load-displacement relationship was idealized as bi-linear curves. The Complete damage was defined as the state where the maximum strength was reached, and the Extensive damage state was defined as the inter-story drift at a quarter point between the Moderate and the Complete damage state. Fig. 14 depicts the fragility curves of the 6-and 12-story analysis model structures obtained from the IDA results. It can be observed that the probabilities of reaching the limit states are slightly higher in the 12-story structures than those in the 6-story structures. The fragilities are largest in the Type 2 structures which have no walls in the first story and are smallest in the Type 3 structures in which additional interior columns are installed along the middle corridor. It was observed in the pushover analysis results that in the Type 3 structures the plastic hinges formed in the connecting beams between two staggered walls were more widely distributed along the height of the structures due to installation of the interior columns. Table 3 shows the required parameters of the fragility analysis, where it can be observed that the spectral accelerations at each damage state of the 6-story structures are higher than those of the 12-story structures.
Seismic risk analysis of staggered wall structures
Seismic risk analysis of a structure requires the information of seismic hazard which is the likelihood of experiencing earthquake shaking of a certain intensity in a specific region. In this study the probability of an earthquake with a certain intensity in Seoul area was estimated using the seismic hazard map developed based on the historical and instrumental earthquake data. Fig. 15 depicts the seismic hazard map of Korean peninsula for an earthquake with return period of 1,000 years (EESK, 1997), and Fig. 16 shows the response spectra for earthquakes with 10% probability of occurrence in 5, 10, 20, 50, 100, 250, and 480 years in Seoul area. If PE N is defined as the probability of occurrence in N years, the probability of occurrence in one year period, PE 1 , can be obtained as follows Table 4 shows the annual probability of exceedance of an earthquake in Seoul area with various return periods obtained from Eq. (5). The seismic hazard curve was evaluated using the probability (5) and the response spectra constructed based on the hazard map. Fig. 17 shows the hazard curve of model structures obtained from regression analysis, which plots the response spectra and their annual probability of occurrence in log-log scale. It can be observed that the 6-story Type 1, 2, and 3 structures had almost the same hazard levels. This implies that the likelihoods of a certain level of ground motion at the site are almost the same. This is due to the fact that the spectral accelerations corresponding to the natural periods of the three structures fall on the same maximum value on the design spectrum. In the twelve-story structures, the likelihoods of a certain level of ground motion is largest in the Type 3 structure which has the shortest fundamental natural period due to the addition of the interior columns to the conventional staggered wall structure, and is the smallest in the Type 2 structure in which the staggered walls in the first story were replaced with beams and interior columns, and therefore has the longest natural period. Table 5 shows the coefficients k and k o obtained from the hazard curves, which are used to obtain the seismic risk.
(a) 6-story model (b) 12-story model Fig. 17 Seismic hazard curve for analysis models Figs. 18 and 19 show the probability of each damage state being exceeded, which is called the seismic risk, in one and in 50-years, respectively, obtained by using Eq. (3). The coefficient k in Eq. (3) was computed by regression analysis of the seismic hazard data, and the required variables were obtained from the fragility analysis results shown in Fig. 11 . It can be observed that in the 6-story structures the seismic risks for all damage states are highest in the Type 2 structure, and are lowest in the Type 3 structure. The difference in seismic risk is very large in the slight damage state, but gradually decreases as the damage state becomes severe. In the 12-story structures, the seismic risk of the Type 1 structure is larger than that of the Type 2 structure in the slight damage state. From the moderate damage state to collapse the seismic risks of the Type 2 structure become largest as in the 6-story structure. The risks of the 12-story structures are generally slightly larger than those of the 6-story structures in the slight damage state. However the seismic risks of the 12-story structures in the more severe damage states are slightly smaller than those of the 6-story structures. The trends are similar in the earthquakes with annual and 50-year probabilities of exceedance. However the risk of damage for the 50 year earthquake is significantly larger than the annual risk of damage in every damage state. 
Conclusions
This study carried out the seismic risk assessment of six-and twelve-story reinforced concrete staggered wall system structures designed with three different structural variations. The performances of model structures with added columns along the central corridor and the structures with their first story walls replaced by beams and columns were compared with those of the regular staggered wall structures. Fragility curves were drawn from the results of incremental dynamic analyses using twenty two pairs of earthquake records. The seismic risk for each damage state was computed based on the fragility analysis results and the probability of occurrence of earthquake ground motions in Seoul area.
According to the analysis results, the addition of interior columns (Type 3 structures) to the regular staggered wall structures (Type 1 structures) resulted in significant increase in the overall robustness of the model structures. The structures with their first story staggered walls replaced by beams and columns, Type 2 structures, showed similar strength and ductility to the prototype structure. However the Type 2 structures showed higher fragility and risk than the regular structures, especially in the twelve-story structure. The seismic fragility and risk of the Type 3 structures with enhanced redundancy turned out to be significantly smaller than those of the other structures. The difference in seismic risk among the three alternatives was largest in the slight damage state, and gradually decreased as the damage state became more severe. The difference was generally larger in the twelve-story structures than in the six-story structures. Based on the analysis results, it was concluded that the overall seismic risk of regular staggered wall structures would be significantly reduced and the seismic robustness significantly increased when the structural redundancy of the model structure is increased by adding interior columns along the middle corridor.
